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Cytotoxic T cells (CTL) play a critical role in the clearance of respiratory viral infections, but they also contribute to disease man-
ifestations. In this study, we infected mice with a genetically modified pneumonia virus of mice (PVM) that allowed visualization
of virus-specific CTL and infected cells in situ. The first virus-specific T cells entered the lung via blood vessels in the scattered
foci of PVM-infected cells, which densely clustered around the bronchi at day 7 after infection. At this time, overall pulmonary
virus load was maximal, but the mice showed no overt signs of disease. On days 8 to 9, T cells gained access to the infected bron-
chial epithelium and to the lung interstitium, which was associated with a reduction in the number of virus-infected cells within
the initial clusters but could not prevent further virus spread throughout the lung tissue. Interestingly, recruitment of virus-
specific CTL throughout the parenchyma was still ongoing on day 10, when the virus infection was already largely controlled.
This also represented the peak of clinical disease. Thus, disease was associated with an exuberant T cell infiltration late in the
course of the infection, which may be required to completely eliminate virus at residual foci of infection. PVM-induced immu-
nopathology may thus result from the need to generate widespread T cell infiltrates to complete the elimination of virus-infected
cells in a large organ like the lung. This experimental model provides the first insights into the spatiotemporal evolution of pul-
monary antiviral T cell immunity in vivo.

Respiratory viral infections are among the most frequent infec-
tions in humans. As illustrated by patients with T cell deficien-

cies (1–3) and confirmed in a variety of animal models (4–7), the
elimination of many pulmonary viral infections is dependent on
the generation of an effective antiviral T cell response. However,
antiviral T cell responses are not only beneficial for the infected
host; T cell-mediated immunopathology contributes to disease
manifestations in a variety of pulmonary viral infections (5, 6, 8,
9). A precise understanding of this dual role of T cells in virus
control and immunopathology is crucial for targeted therapeutic
interventions.

Infection of mice with pneumonia virus of mice (PVM) is a
useful model for the experimental study of a respiratory viral in-
fection, because PVM is a natural mouse pathogen that shows
significant viral replication after intranasal infection with low vi-
rus doses (5, 10–12). PVM shares many molecular and biological
features with respiratory syncytial virus (RSV) (13–15), the most
important respiratory pathogen in human infants and children,
and PVM-infected mice develop many clinical features of RSV-
infected infants, such as bronchiolitis and pneumonia (13, 14,
16–18). Control of experimental murine PVM infection is mainly
mediated by T cells which also critically contribute to virus-in-
duced immunopathology (5). Thus, T cell-deficient mice fail to
eliminate PVM and become virus carriers in the absence of the
clinical or histopathological signs of pneumonia that occur after
infection of control mice.

Because viral infections represent highly dynamic situations,
the relative kinetics of virus replication versus the generation and
recruitment of virus-specific T cells is decisive for the outcome of
infection (19, 20). The analysis of the evolution and dynamics of
pulmonary antiviral T cell responses in mouse models of respira-
tory virus infection has so far largely been restricted to the pheno-

typic and functional characterization of T cells extracted by bron-
choalveolar lavage (BAL) or isolated from lung tissue (21–24). In
parallel, viral titers have been quantified by plaque assays from
lung homogenates. While these methods allow monitoring of the
dose and time relationship between viral replication and the T cell
response, they do not provide a picture of the spatiotemporal evo-
lution of the antiviral effector T cell response in the infected tissue.
In a large organ such as the lung, it is likely that there are regional
differences with respect to the spread of virus and infection con-
trol. Visualization of the spatial development of the virus-specific
T cell effector response in the infected tissue could add a “third
dimension” of analysis allowing understanding the pulmonary
antiviral T cell response in more detail.

In this study, we developed an experimental model allowing
the visualization of virus-infected cells and virus-specific effector
T cells on large sections of lung tissue in a mouse model of PVM
infection. This approach provides the first analysis of the spatio-
temporal evolution of a pulmonary antiviral effector T cell re-
sponse in situ.

MATERIALS AND METHODS
Mice, infections, and adoptive cell transfer. C57BL/6 mice were obtained
from Charles River (Sulzfeld, Germany). P14.Thy1.1 mice were provided
by H. Pircher (Institute for Medical Microbiology and Hygiene, Freiburg,
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Germany). Mice were kept in microisolator cages and infected intrana-
sally (i.n.) at 6 to 8 weeks of age under ketamine and xylazine anesthesia
with PVM in 80 �l of serum-free Eagle’s minimal essential medium
(EMEM). For adoptive-transfer experiments, total spleen cells contain-
ing V�2� Thy-1.1� CD8� T cells obtained from naive or memory
P14.Thy1.1 mice were transfused intravenously (i.v.) into sex-matched
C57BL/6 recipients. Animal experiments were approved by the local ani-
mal care commission (accreditation no. 35/9185.81/G-08/47).

Viruses and cell lines. PVM strain 15 was originally derived from the
American Type Culture Collection (ATCC) (12). rPVM-1 and
rPVM.GFP were generated from this wild-type virus as described previ-
ously (11). rPVM-GFPgp33 was generated as described below from the
parental virus rPVM-GFP with the GFPgp33 gene cassette at the same
position as the green fluorescent protein (GFP) gene cassette, i.e., between
the small hydrophobic (SH) and G gene on position 7. PVM viruses were
propagated in BHK cells (ATCC; CCL-10) (25) and purified via a discon-
tinuous sucrose gradient (PVM 15 and rPVM-1) or pelleted through a
30% sucrose layer (rPVM-GFPgp33 and rPVM-GFP). Virus titers were
determined by immunostaining (plaque assay) on Vero cells (CCL-81)
under 0.8% methylcellulose as described previously (11). RAW309Cr1
(ATCC; TIB-69) is a murine macrophage cell line expressing both H-2d

and H-2b major histocompatibility complex class I (MHC-I) molecules
that is permissive for PVM (5). Lymphocytic choriomeningitis virus
(LCMV-WE) was provided by H. Pircher.

Construction of pPVM.GFPgp33 and recovery of recombinant vi-
rus. For construction of the plasmid encoding the LCMV-derived CTL
epitope gp33-41, plasmid pPVM-GFP7 (11) was modified by addition of
the LCMV sequence encoding amino acids (aa) 29 to 43 of the viral gly-
coprotein. For the introduction of the gp33 epitope into the enhanced
GFP (eGFP) expression cassette, three consecutive mutagenesis PCRs
were designed with reverse primers (available upon request) that led to the
addition of 45 nucleotides (nt) corresponding to the sequence of aa 29 to
43 of the glycoprotein of LCMV. The final PCR fragment encoded the
complete eGFP with gp33 directly fused to it, flanked by AgeI restriction
sites. The AgeI restriction sites were used to insert the eGFPgp33 fragment
at the site of the parental eGFP fragment into the full-length clone pPVM-
GFP7. The integrity of the eGFPgp33 fragment in pPVM-GFPgp33 was
checked by sequencing (GATC, Constance, Germany). rPVM-GFPgp33
was generated by transfection as previously described (11). To confirm the
sequence of viral RNA, complete cellular RNA from infected BHK-21 cells
was isolated with TRIzol and reverse transcribed with random hexamers
using SuperScript II reverse transcriptase (Invitrogen, Karlsruhe, Ger-
many). cDNA was amplified by PCR using PVM-specific primers span-
ning the inserted GFPgp33 fragment. The sequence of the obtained PCR
fragment was confirmed by sequencing (GATC, Constance, Germany).

Flow cytometry. BAL, isolation of pulmonary inflammatory cells, and
flow cytometry were performed as described previously (26) using the
following antibodies: CD3 (clone 145-2C11), CD8 (clone 53-6.7), Thy-
1.1 (clone Ox-7), gamma interferon (IFN-�) (clone XMG1.2), and an
isotype control antibody (clone R3-43) from BD Pharmingen, San Diego,
CA, and V�2 T cell receptor (TCR) (clone B20.1) from eBioscience. For
gp33 dimer staining, 1 �g of DimerX (mouse H-2Db:Ig; BD Pharmingen)
was incubated with gp33 peptide (10�3 M; NeoMPS, Strasbourg, France)
and 0.15 �g of �2 microglobulin (BD Pharmingen) overnight at 37°C. The
gp33-loaded DimerX was incubated with anti-IgG1-phycoerythrin (PE)
(BD Pharmingen; clone A85-1) for 1 h by room temperature and then
used together with anti-CD3 (clone 145-2C11) and anti-CD8 (clone 53-
6.7) in a total volume of 50 �l for 1.5 h to stain BAL fluid or lung lympho-
cytes, which had been blocked for 30 min in 50 �l of fluorescence-acti-
vated cell sorter (FACS) buffer containing naive mouse serum.

CFSE proliferation assay. Spleen cells of a P14 mouse were isolated
and incubated with 10 �l of carboxyfluorescein succinimidyl ester (CFSE)
(0.5 mM; Sigma-Aldrich, St. Louis, MO) in 10 ml of phosphate-buffered
saline (PBS; 37°C) for 15 min at 37°C. Thereafter, cells were washed with
ice-cold PBS (containing 2% fetal calf serum [FCS]) and then with Iscove’s

modified Dulbecco’s medium (IMDM), pressed through a cell strainer,
and used as responder cells. RAW309Cr1 cells were used as stimulator
cells, either loaded with gp33 peptide (positive control), infected with
rPVM-GFPgp33, or infected with rPVM-1 (negative control) 40 h previ-
ously. Responder and stimulator cells were plated at a ratio of 20 to 1 and
incubated at 37°C. At different time points, cells were harvested, blocked
with naive mouse serum (1:100), and stained with antibodies against CD3
and V�2 before analysis on a FACSort cytometer.

Tissue processing, cryosectioning, and immunostaining. After
preparation of the mouse, the lung was instilled with 0.8 ml of 4% para-
formaldehyde (PFA) and the trachea was clamped off to retain the PFA in
the lung. Thereafter, the lung was perfused via the right heart ventricle,
removed, and stored for 2 h in 4% PFA at room temperature, followed by
washing with PBS and incubation in 30% sucrose for 24 h at 4°C. The
organ was embedded in OCT Tissue-Tek (Sakura Finetek, Zoeterwoude,
Netherlands) and stored for an additional 24 h at 4°C, followed by slow-
freezing in a polystyrene box covered with linen at �80°C. Sections 12 �m
thick were cut with a cryostat and stored overnight at 4°C. Sections were
fixed with 4% PFA for 20 min at room temperature, briefly incubated in
PBS, and then blocked with Image-iT signal enhancer (Invitrogen, Mo-
lecular Probes, Eugene, OR) for 30 min. Thereafter, sections were stained
with Thy-1.1 PE (1:100, clone Ox-7) and anti-PVM antibody (raised
against the G protein of PVM in rabbits; 1:4,000) for 2 h and washed twice
with PBS for 5 min, followed by incubation with a second-step antibody
(polyclonal anti-rabbit IgG-Alexa 488, 1:200, A-11008; Invitrogen) for 1
h. After 5 washing steps in PBS, slides were dried, covered with Dako
fluorescent mounting medium (Dako North America Inc., Carpinteria,
CA), and analyzed.

ScanR analysis. Lung tissue sections were analyzed using the Olympus
ScanR high-content screening station, which is a combination of fluores-
cence microscopy with computer-based analysis. From stained individual
lung sections (complete left lobe) an area of 12 mm2 (representing about
20% of the whole area of the left lung) was scanned at a 20-fold magnifi-
cation using the Olympus ScanR acquisition software (version 2.1.0.16).
This resulted in 84 images, some of which (at the border of the lung) did
not contain tissue. The thresholds for green and red fluorescence signals,
representing infected cells and virus-specific T cells, respectively, were
defined subjectively by comparing specific signal to the background signal
of noninfected tissue, after a general subtraction of the background. A
minimum area and a maximum area of the fluorescence signal were ad-
ditionally used to help identify individual positive cells. This definition
was then applied uniformly to the whole scan.

Determination of absolute counts of virus-infected cells and virus-
specific T cells per lung section. To determine the number of virus-in-
fected cells and virus-specific T cells per scanned lung area, each of the 84
images was randomly subdivided into 30 fields (main objects), resulting in
2,520 fields per scan. The ScanR analysis software (version 1.1.0.9) then
calculated the absolute number of green and red events within each field.
Obviously, each of the scanned lung areas differed in the number of vessels
and bronchi within the scanned area. Also, some areas included the bor-
der of the lung and thus contained fields that did not represent lung tissue.
To account for these differences, each of the 84 images was manually
analyzed for fields that did not contain lung parenchyma. These fields
were subtracted from the total 2,520 fields, resulting in the number of
fields covering lung parenchyma (Nlung). The number of red or green
signals corrected for the area actually containing lung parenchyma was
then calculated as follows: (total fields [n � 2,520]/Nlung) � number of
red or green signals counted for the whole lung area. The mean of two
sections for each mouse lung was used to determine the counts for a given
mouse.

Analysis of the relative distribution of virus-infected cells and virus-
specific CTL in lung tissue. To analyze the relative distribution of red
(Thy-1.1� virus-specific T cells), and green (virus-infected) cells within
the lung tissue, we used the “gallery view” tool, where all 84 images taken
from one lung section were integrated into one large overview image.
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Since the red and green signals in these gallery views were quite small and
of different intensities, we used the ScanR analysis software to extract the
distribution of red and green signals within a given section. The data
obtained for the red and green signals (original ScanR data) was overlaid
by using Adobe Photoshop cs software (version 8.0.1), and each dot was
enlarged to a standard size that simplified judging the distribution of
green and red signals (virus-infected cells and virus-specific cytotoxic T
lymphocytes [CTL]) within the analyzed section.

Statistical analysis. Data were analyzed by using Student’s t test in the
case of a normal distribution of raw data and equality of standard devia-
tions. In cases where standard deviations differed significantly, the Welch
t test was used. The nonparametric Mann-Whitney test was performed if
the data did not follow a Gaussian distribution. All data were analyzed
with GraphPad InStat software program, version 3.06. Differences were
considered significant at a P value of less than 0.05.

RESULTS
rPVM-GFPgp33 is attenuated but retains pathogenicity in vivo.
In order to create an experimental setup that allows visualizing
virus-infected cells and virus-specific CTL in situ, we generated a
recombinant PVM expressing the H-2Db-restricted CTL epitope
gp33-41 (gp33) of the lymphocytic choriomeningitis virus
(LCMV) fused to the C terminus of eGFP (Fig. 1A). This marker
CTL epitope was introduced to allow tracing of virus-specific T
cells after adoptive transfer of splenocytes from P14.Thy1.1 mice,
expressing a transgenic TCR specific for gp33 (27), into Thy1.2

recipients. Furthermore, although there is a solid overall CTL
response (5), the individual endogenous PVM-specific CTL epitopes
identified so far do not induce prominent responses (28). Recombi-
nant PVM expressing the gp33 epitope (rPVM-GFPgp33) was gen-
erated by introducing a PVM transcription cassette consisting of the
coding sequence of LCMVgp29-43 fused to the C-terminal end of
eGFP that was flanked by PVM-specific transcriptional start and stop
sequences into the full-length clone pPVM between the SH and the G
gene (Fig. 1A). A previously described recombinant PVM expressing
GFP (rPVM-GFP) represented the parental wild-type virus (11). In-
fectious virus was obtained by transfection of BSR-T7/5 cells with the
full-length plasmid containing the gene cassette (pPVM-GFPgp33)
together with support plasmids expressing the viral proteins essential
for genome replication and transcription as described previously
(11).

rPVM-GFPgp33 replicated as efficiently as the parental virus
rPVM-GFP and the biological wild-type virus PVM15 in BHK-21
cells in vitro (Fig. 1B). After intranasal infection of C57BL/6 mice,
the replication of the gp33-expressing virus was similar to that of
the parental rPVM-GFP virus, and 7 days after infection with 100
to 200 PFU, peak titers above 104 PFU per lung could be retrieved
(Fig. 1C). However, both GFP-expressing viruses were attenuated
compared to PVM15 and showed slower and delayed replication
kinetics due to the additional gene as previously described (11).

FIG 1 (A) Generation and characterization of recombinant PVM expressing the LCMV-derived CTL epitope gp33 fused to GFP. Shown are the GFPgp33 gene
cassette and its placement into the PVM genome. The sequence encoding LCMV gp29-43 was fused to the C terminus of GFP. The cassette represents a PVM
pseudogene encoding a single open reading frame for expression of a GFP-gp33 fusion protein flanked by PVM-specific transcriptional start (gene start) and stop
(gene stop) sequences. (B) Multistep growth curve of rPVM-GFPgp33 in comparison to the recombinant parental virus rPVM-GFP and its parental wild-type
PVM15. BHK-21 cells were infected with the respective viruses (multiplicity of infection of 0.01 PFU/cell) at day 0. Cells and supernatants were harvested in
duplicates at the indicated time points, and virus titers were determined by plaque assay. The growth kinetics were determined twice, with similar results. (C)
C57BL/6 mice were intranasally infected with 100 to 200 PFU of the indicated PVM isolate, and virus titers were determined in the lung at the indicated time
points after infection. n.s., not significant; **, P 	 0.05. (D) Mice were weighed prior to infection and daily thereafter. The percentage (mean 
 SD) of the initial
weight is indicated for 3 to 20 mice per time point. ***, significant differences between PVM15- and rPVM-GFPgp33-infected groups and between PVM15- and
rPVM-GFP-infected groups.
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Consistent with delayed replication, weight loss as a rough mea-
sure of PVM-induced pathology started 1 to 2 days later but
showed a similar pattern as in PVM15-infected mice (Fig. 1D).
Moreover, rPVM-GFPgp33 induced significant levels of inflam-
matory cytokines in the lung on days 10, 12, and 15 after infection

and retained its ability to induce lethal pneumonia after infection
with a high dose, 5,000 PFU (data not shown). Thus, the modified
virus was attenuated but retained most of its biological properties
in vivo, including its ability to cause lethal immunopathology.

rPVM-GFPgp33 is immunogenic in vitro and in vivo. To
determine expression and presentation of gp33 in virus-infected
cells, rPVM-GFPgp33-infected RAW309Cr1 macrophages were
compared to gp33 peptide-loaded (positive control) or rPVM-
infected (negative control) macrophages with respect to their abil-
ity to induce proliferation of CFSE-labeled T cells from P14 mice
expressing a gp33-specific V�2V�8 TCR. T cell proliferation was
more prominent after stimulation by rPVM-GFPgp33-infected
cells than by peptide-loaded cells, which may be explained by the
limited half-life of the peptide. Cells infected with the control
virus could not elicit proliferation (Fig. 2A). To analyze the ability
of rPVM-GFPgp33 to induce gp33-specific CTL in vivo, pulmo-
nary inflammatory cells were eluted by bronchoalveolar lavage
(BAL) on days 10 and 12 after infection and CD8� T cells were
stained with MHC-I gp33 dimer or restimulated with gp33 pep-
tide before intracellular staining for IFN-�. On day 12 after infec-
tion, 2 to 6% of BAL fluid CTL was specific for gp33 (Fig. 2B and
C). Moreover, LCMV-immune but not naive C57BL/6 mice elim-
inated an infection with 5,000 PFU of the gp33-expressing recom-
binant PVM within 7 days (Fig. 2D) without signs of disease, while
the parental control virus replicated to similar titers (compare Fig.
2D and Fig. 1C) and caused severe disease in both groups of mice.
Overall, these experiments provided clear evidence for functional
expression and presentation of the gp33 peptide by cells infected
with rPVM-GFPgp33 in vivo.

Adoptive-transfer system to colocalize virus-infected cells
and virus-specific CTL in the lung. In order to be able to detect
virus-specific T cells in the lung, we adoptively transfused Thy1.1�

spleen cells from P14 donor mice into C57BL/6 (Thy1.2�) recip-

FIG 2 rPVM-GFPgp33-infected cells express gp33 in vitro and in vivo. (A)
CFSE proliferation assay. RAW309Cr1 macrophages were infected with
rPVM-1 (left), loaded with gp33 peptide (middle), or infected with rPVM-
GFPgp33 (right) and incubated for 6 days with CFSE-labeled P14 spleen cells.
CFSE dilution of V�2-positive CD3� CD8� T cells is shown. Dot plots are
representative of two independent experiments. (B and C) C57BL/6 mice were
infected with 100 to 200 PFU of rPVM-GFPgp33 and at the indicated time
points, BAL fluid cells were analyzed. (B) Percentage of gp33 dimer-positive
cells among total CD3� CD8� T cells. Data were pooled from two indepen-
dent experiments. (C) Percentage of cells producing IFN-� after gp33 peptide
stimulation among total CD3� CD8� lymphocytes. Data were pooled from
two independent experiments. (D) LCMV-immune or naive C57BL/6 mice
were intranasally infected with 5,000 PFU of rPVM-GFPgp33 or rPVM-GFP.
Seven days after infection, lung viral titers were determined by plaque assay.
n.s., not significant; ***, P 	 0.001.

FIG 3 An adoptive-transfer model to detect virus-specific T cells in the lung. (A) Illustration of the adoptive-transfer model. P14.Thy1.1 spleen cells containing
1 � 106 naive V�2� CD8� CD3� T cells were adoptively transfused into Thy1.2� C57BL/6 recipients (P14 chimeric mice) which were infected 3 days later (d0)
with 100 to 200 PFU of rPVM-GFPgp33. (B) Weight curves after infection of C57BL/6 and P14 chimeric mice with rPVM-GFPgp33. Data are means and standard
deviations of 4 to 14 mice per time point pooled from 3 independent experiments. (C) Pulmonary virus titers at the indicated time points after infection. Data
are from C57BL/6 mice and P14 chimeric mice gained in two different experiments. (D) Percentage of gp33 dimer-positive cells among total CD3� CD8� BAL
fluid cells of P14 chimeric mice that had been infected with 100 to 200 PFU of rPVM-GFPgp33 8 to 12 days previously. (E) Percentage of Thy 1.1-positive cells
among total BAL fluid or lung parenchyma CD3� CD8� T cells responding with IFN-� production to stimulation with gp33 peptide. The means and SEMs from
pooled data of three independent experiments are shown. n.s., not significant; ***, P 	 0.0001.
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ient mice, referred to as P14 chimeric mice in this paper (Fig. 3A).
Following infection of these mice with rPVM-GFP33, gp33-spe-
cific P14 donor T cells expanded, were recruited to the lungs, and
were identified in the lungs of recipient mice by their Thy1.1 ex-
pression (Fig. 3E). We first performed titration experiments and
established that transfer of spleen cells containing 1 � 106 naive
P14 T cells followed by infection with 200 PFU of rPVM-GFPgp33
3 days later represented the optimal conditions to allow significant
expansion of gp33-specific Thy1.1� donor CTL without changing
the basic parameters of the viral infection. Under these conditions,
the replication kinetics of rPVM-GFPgp33 in P14 chimeric and
C57BL/6 mice were similar and resulted in comparable weight loss
kinetics in the two groups (Fig. 3B and C). The percentage of
gp33-specific CTL in the BAL fluid of infected P14 chimeric mice
was 5-fold higher than in infected nontransfused mice (compare
Fig. 3D with Fig. 2B). IFN-� release assays revealed that about 50%
of these virus-specific CD8� T cells in the BAL fluid and 35% in
the lung parenchyma were Thy1.1� P14 donor CTL, while the
residual T cells originated from the nontransgenic recipient mice
(Fig. 3E). Thus, using the Thy1.1 marker to stain virus-specific
CTL in P14 chimeric mice, we detected about 2-fold more cells in
the lung parenchyma than in C57BL/6 mice, and these cells rep-
resented about 35% of the total gp33-specific response in these
mice. Overall, about 85% of the pulmonary CTL were host de-
rived, including T cells specific for gp33, endogenous PVM
epitopes, and bystander cells recruited by the pulmonary inflam-
mation. Importantly, the kinetics of virus replication, CTL re-
cruitment, and disease were largely similar in P14 chimeric and
C57BL/6 mice.

In situ evolution of an antiviral CD8� T cell response in the
lung. We then proceeded to immunohistological analysis. Since
the GFP autofluorescence was too low for reliable identification
after fixation of the tissue, the fluorescence of virus-infected cells
was enhanced by staining with a PVM G-specific antiserum and an
Alexa 488-conjugated secondary antibody. Lung sections from
P14 chimeric mice 10 days after P14 spleen cell transfer in the
absence of virus infection completely lacked Thy1.1-positive cells,
demonstrating that any cells observed in the following experi-
ments were recruited to the lung in the context of the viral infec-
tion. To analyze the spatiotemporal pattern of virus distribution
and the virus-specific T cell response, we used the Olympus ScanR
high-content screening station, which allowed visualization and
automated quantification of infected cells (green fluorescence)
and virus-specific T cells (red fluorescence) in sections of 12 mm2,
covering about 20% of the area of a lung lobe of an infected
mouse. Figure 4A shows the mean absolute counts of virus-in-
fected cells per section, with a peak at day 7 and virus elimination
by day 11, and the counts of PVM-specific T cells, which are low at
day 7, followed by an increase up to day 10 and a decrease after day
12. These counts mirrored the results obtained by plaque assay
and flow cytometry (compare Fig. 3C and D), validating this
methodology.

An example of the view of a lung section obtained 7 days after
rPVM-GFPgp33 infection of P14 chimeric mice is shown in Fig.
4B. Since red and green signals showed different sizes and inten-
sities, we extracted this information from the histological slide by
using the ScanR analysis software, adapted the signals to equal size
and intensity, and thus obtained a schematic view of the virus
distribution and the virus-specific T cell response (Fig. 4D to I).
Seven days after infection, PVM had spread around several bron-

chi, forming dense clusters of infected cells (Fig. 4D). Closer mag-
nification revealed the most intensive infection of bronchial epi-
thelial cells in areas where the infection also extended to lung
parenchymal cells. At this time point, initial infiltration of virus-
specific CTL was also observed, with a preferential accumulation
around vessels in peribronchial areas within clusters of virus-in-
fected cells. However, in contrast to the viral infection, the virus-
specific CTL did not yet spread into the lung parenchyma (Fig. 5A,
d7, and Fig. 4D). Notably, mice did not show any signs of disease
at this time point of maximal overall pulmonary virus load. By day
8, the clusters of virus-infected cells appeared less dense, poten-
tially due to the antiviral activity of the recruited CTL (Fig. 4E and
5A, d8). Particularly, some specific T cells showed direct contact
with infected cells (Fig. 5B) within infected areas. Nevertheless,
the infection had spread further throughout the lung parenchyma
and appeared to be surrounded by virus-specific CTL that had
now significantly increased in number. This pattern became more
pronounced by day 9 (Fig. 4F and 5A, d9), when the number of
virus-infected cells was significantly reduced and clusters of pa-
renchymal CTL were mainly found in areas where no virus-in-
fected cells were detectable. Between day 7 and day 9, the mice
developed significant weight loss (Fig. 3B). On day 10, PVM-spe-
cific CTL reached peak levels and were spread throughout the
parenchyma (Fig. 4G and Fig. 5A, d10), while the overall virus
infection was already largely controlled. However, there were still
some areas with infected cells that showed no infiltrating antiviral
CTL. By day 11, the CTL had evenly spread to all areas of the lung
and only single PVM-infected cells remained (Fig. 4H). This pat-
tern could be seen until complete resolution of the infection by
day 12 (Fig. 5A, d12). Residual T cells remained detectable up to
day 15, the latest time point analyzed (Fig. 4I and 5A, d15). Inter-
estingly, weight loss was maximal on day 10 (Fig. 3B), when virus
titers had already significantly declined, but CTL infiltrates had
reached their maximum. The mice then gained weight again be-
tween days 10 and 12, a time period in which the overall CTL
infiltrate remained constant. These observations, summarized in
Table 1, suggest that disease was associated with neither virus load
nor the presence of a large number of virus-specific CTL per se but
that the continuous stimulation of infiltrating CTL by virus-in-
fected cells was key for the disease manifestations.

DISCUSSION

In this report, we provide analysis of the spatiotemporal evolution
of a pulmonary antiviral CTL effector response. Viral pneumonia
is obviously not a homogenous process but a highly dynamic dis-
ease with a heterogenous evolution in different sections of the
lung. Therefore, determination of the overall virus load in the
infected lung or the extraction of all T cells from the inflamed
tissue can only sum up the net effect of infection and immunity at
a given time point. A look at the spatial distribution of infection
and T cell response in parallel adds a third dimension to the anal-
ysis, allowing the study of different processes occurring at the
same time point. We therefore set up an experimental system
where both virus-specific CTL and virus-infected cells could be
visualized in the same section of the infected lung.

We chose the PVM model because it would allow us to study
the course of productive virus replication in its natural host and
the evolution of an antiviral T cell response. To enable identifica-
tion of virus-specific CTL, the well-characterized H-2Db-re-
stricted gp33 epitope of LCMV was introduced into the viral ge-
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nome as an additional gene cassette expressing an eGFP-gp33
fusion protein. This approach was chosen since the pathogenesis
of the parental rPVM-GFP is well characterized and comparable
to that of the biological wild-type virus despite minor attenuation

of replication due to the additional gene (11). In addition, fusion
of gp33 to GFP rather than to a viral protein was chosen to avoid
the possible interference with viral proteins necessary for the PVM
replication cycle. The use of P14 Thy1.1 transgenic mice enabled

FIG 4 ScanR microscopy used for a detailed analysis of virus infection and the resulting T cell response. P14 chimeric mice were infected with 100 to 200 PFU
of rPVM-GFPgp33 (d0). At the indicated time points, lung sections were stained for PVM-infected cells (green signal) and Thy1.1-positive CTL (red signal) and
images were taken at a 20-fold magnification. Gallery views were generated from 84 individual images covering a lung area of 12 mm2 as described in Materials
and Methods. Images from 2 to 5 mice per time point obtained in 2 independent experiments produced similar results. (A) Total number of virus-infected cells
(green bars) and virus-specific CTL (red bars) as counted by the ScanR analysis software corrected for the number of fields actually containing lung tissue. Bars
represent the mean value of 3 to 5 mice per time point, and whiskers represent the standard deviations. (B) Representative example of a gallery view taken at day
7 after infection as an original picture. (C) Gallery view from panel B transformed to a schematic view, where red and green dots were enlarged to a similar size.
(D to I) The images show an overlay of the of red and green fluorescence signals obtained by the ScanR analysis after transformation to a schematic view. Large
bronchi were stained manually in pale gray. The overlay pictures shown are representative of similar pictures obtained from 2 to 5 mice per time point.
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the specific detection of gp33-specific CTL and, at the same time,
enhanced the gp33-specific pulmonary T cell response about
5-fold. On the other hand, CTL specific for autologous PVM-
derived CTL epitopes could not be visualized in that system. Over-
all, the total number of virus-specific CTL identified in the ana-
lyzed sections is probably higher than in a normal C57BL/6
mouse. Moreover, the overall pattern of the CD8 T cell response to
the heterologous LCMV peptide may not fully reflect the response
to natural PVM epitopes. Nevertheless, the main parameters of
disease, including weight loss and pulmonary inflammatory cyto-
kines, were largely maintained in P14 chimeric mice. Therefore,
we believe that the observations on the distribution of virus-in-
fected cells and virus-specific CTL made after rPVM-GFPgp33
infection of P14 chimeric mice to a large extent reflected the situ-
ation in PVM-infected wild-type mice.

After rPVM-GFPgp33 infection, weight loss reflecting clinical
disease started at day 8 after infection, reached a maximum at day
10, and diminished thereafter (Table 1). Pulmonary cytokine ho-
meostasis was not restored before day 15 after infection. It is in-
teresting to note that the extensive viral infection of pulmonary

epithelial cells reaching maximal virus titers at day 7 was not yet
associated with measurable disease manifestations. At that time
point, there were dense focal clusters of infected cells around the
bronchi and some initial CTL infiltrates in these areas. However,
many areas of the lung were still free of virus. By day 8 after infec-
tion, the dense peribronchial clusters of virus-infected cells had
largely thinned out, and this was associated with more CTL infil-
trates reaching further into the parenchyma. However, this did
not prevent virus spread throughout the lung tissue—at day 8, the
beginning of disease manifestations, virus-infected cells still
clearly outnumbered the virus-specific CTL in the parenchyma.
At day 9, antiviral T cells had spread to most infected areas in the
lung, leading to the accumulation of T cell clusters in some areas
which were mostly free of virus. Day 10 represented the maximum
of the clinical disease, and this coincided with the maximum of the
antiviral T cell response. At this time point, virus-infected cells
were significantly reduced and large numbers of CTL accumulated
in areas with thickened alveolar walls, indicating histological pa-
thology. Clinical recovery occurred more rapidly than the even-
tual resolution of this antiviral T cell infiltrate, which persisted

FIG 5 Coevolution of virus distribution and the antiviral T cell response in the PVM-infected mouse lung. P14 chimeric mice were infected with 100 to 200 PFU
of rPVM-GFPgp33, and at the indicated time points, lungs were prepared for histological analysis. Lung sections (12 �m) were stained for PVM (Alexa 488 signal)
and Thy-1.1 (PE signal) and images were taken with an Apo Tome fluorescence microscope (10-fold magnification) (A) or ScanR microscope (20-fold
magnification) (B). Representative images for different time points after infection are shown. Images 1 and 2 are enlargements of sections illustrating colocal-
ization of intraalveolar virus-specific CTL and virus-infected pulmonary epithelial cells.

TABLE 1 Correlation of pulmonary virus and antiviral T cell localization with weight loss over timea

Day
Overall
viral load Virus localization

Overall PVM-
specific CTL Localization of specific CTL Weight loss

7 111 Infectious foci around bronchi (1) Around blood vessels in areas of infected bronchi —
8 11 Scattered throughout the lung parenchyma 1 Interstitium, alveoli in infected areas 1
9 1 Some areas free of virus 11 Interstitium, alveoli in infected and noninfected areas 11
10 (1) Increasing areas with T cell clusters free of virus 111 Interstitium, alveoli in infected and noninfected areas 111
11 (1) Scattered single infected cells remaining

throughout the lung parenchyma
11 Scattered throughout the lung parenchyma 11

a Day, day after virus infection; —, no difference compared to uninfected mice; (1), minimal increase;1, mild increase;11, moderate increase;111, strong increase.
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until day 12 (Table 1). Some T cells remained scattered through-
out the lung parenchyma even at day 15, when cytokines had
returned to normal, but they were found outside the immediate
peribronchial areas, where they had entered on day 7.

While many studies on T cell responses to pulmonary virus
infections focus on cells obtained by bronchoalveolar lavage, our
analysis allowed us to capture tissue resident cells and their distri-
bution in the infected tissue, adding an additional dimension to
the view of a viral infection. The spatiotemporal evolution of the
specific CTL response relative to the viral infection and the disease
manifestations illustrates several interesting points. First, disease
manifestations correlated with the widespread distribution and
accumulation of antiviral CTL in the lung parenchyma and not
with the extent of the virus infection (5). Disease was maximal
when only a few virus-infected cells remained, but the virus-spe-
cific T cell infiltrate was substantial. On the other hand, clinical
recovery started when virus was fully eliminated and T cell infil-
trates were still high. This may suggest that the CTL-mediated
immunopathology is dependent on contact with virus-infected
cells, while in the absence of antigenic stimulation, the pulmonary
CTL are rapidly silenced (29). Second, spread of infection on the
one hand and T cell infiltration into infected areas associated with
reduction of infection on the other hand occurred at the same
time in different areas of the lung. Between days 7 and 8, the newly
recruited antiviral CTL were highly active in reducing the peri-
bronchial clusters of virus-infected cells but could not prevent
further spread of the infection to other areas of the lung paren-
chyma. In addition to tissue resident CTL, individual alveolar CTL
could be detected in close contact with the luminal side of infected
alveolar cells. However, the single plane of analysis and the prob-
able loss of CTL during lung preparation for histology make a
quantitative assessment of the contribution of alveolar CTL to
virus clearance unreliable. Overall, the acute viral pneumonia was
characterized by the parallel occurrence of virus control in some
areas and additional viral spread in other areas. Third, the number
of pulmonary virus-specific CTL (although rather overestimated
in this model) never reached the number of virus-infected cells in
the mouse lung and the bulk of reduction in the number of virus-
infected cells occurred at a time point when T cells made up no
more than 5% of the virus-infected cells. Although recirculation
of T cells has to be considered, this makes it likely that one virus-
specific effector CTL acts on several virus-infected cells in the
lung. On the other hand, reduction of virus-infected cells mainly
occurred in areas infiltrated by virus-specific CTL, while de novo
infection of noninfiltrated areas occurred in parallel, suggesting
that CTL can act only in a limited area. Unfortunately, the effector
mechanisms used by CTL to control PVM infection still remain
elusive. Neither perforin, IFN-�, TNF (5), nor granzymes (30),
individually, are required for virus elimination. This does not ex-
clude the possibility that a combination of these effector mecha-
nisms is active. For example, target cell lysis by a combination of
Fas- and perforin-mediated mechanisms may represent the main
CTL effector mechanism in murine influenza virus infection (31).
In the PVM model, however, it is difficult to envisage how soluble,
widespread, cytolytic effector mechanisms could be compatible
with sufficient lung function. Contact-dependent, short-range cy-
tokine-mediated virus clearance appears to be most compatible
with our morphological observations. Fourth, recruitment and
spread of virus-specific CTL throughout the parenchyma were
still ongoing when the virus infection was already largely con-

trolled. This eventually resulted in an excessive response, i.e., 5- to
10-fold more virus-specific T cells than virus-infected cells at day
10 after infection. It can be speculated that this excess of T cells is
required to get completely rid of widely scattered infected cells as
fast as possible, since each can serve as a “factory” for virus pro-
duction. It is apparently not possible to direct and limit the antiviral
T cells only to those areas of the lung where productive infection is
still ongoing, compatible with a random search mechanism with local
recognition.

In summary, this study provides a new perspective on the ef-
fector phase of an antiviral CTL response in the mouse lung. While
the priming phase of antiviral T cells by dendritic cells in lymph
nodes has been analyzed in some detail by two-photon micros-
copy (32, 33), to our knowledge this is the first attempt to charac-
terize the “geography” of the effector phase of an antiviral CTL
response in the infected lung. Elaboration of this experimental
model will help to further elucidate the protective and pathogenic
roles of antiviral T cells in pulmonary virus infections—a key pre-
requisite for developing a targeted therapeutic approach to viral
pneumonia.
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